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Abstract 
Saline lakes were sampled from the semi-arid region of the Russian Federation (Khakassia). The water and salt 
sediment samples were collected from 4 lakes: Khamiskol, Terpikol, Uskol, and Tus. The total dissolved solids 
(TDS) of the various lakes ranges from 7.9 to 115.6 g/l. The pH values lie mostly in the range of 8.3 – 9.9. The 
anionic composition of saline lakes is varied. The cationic composition of lakes is not so varied as the anionic one. 
Sodium is the dominant cation in the water composition of these lakes, whereas the Tus Lake contains magnesium 
and sodium in equal proportions. The chemical element enrichment of water is regulated by the formation of 
significant quantities of secondary mineral phases. The Khakassia saline lakes are saturated with respect to carbonate 
minerals such as calcite, dolomite, magnesite, and are undersaturated in terms of natrite, anhydrite, thenardite, and 
halite. Geochemical mobility coefficients can be used to evaluate the geochemical mobility of major elements in the 
saline lake waters. Geochemical mobility coefficients suggest that trace elements tend to accumulate in secondary 
phases, which are consolidated by secondary mineral precipitation and sorption processes. 
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1. Introduction 
Saline lakes are a typical feature of an arid region. Khakassia is one of the unique regions of the 
Russian Federation in which saline lakes are mainly located. These lakes have been studied by Russian 
scientists and not only of them [1-3]. However there are still many unsolved problems such as chemical 
conditions that conduct to elements accumulation in water and secondary minerals crystallized in the 
lakes. The problem of chemical composition formation cannot be solved without an explanation of the 
chemical elements redistribution mechanism during water-rock interaction processes. Water chemical 
elements enrichment is a complex process that depends on the extent and form of element input, specific 
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features of aquatic species and the output through the secondary minerals precipitation. The water-rock 
interaction processes are characterized by elements spreading in a water solution and by trapping in the 
secondary minerals. This fact was ignored in the previous study and the chemical elements migration 
intensity has been estimated without evaluating processes of chemical elements output by precipitated 
secondary mineral phases. Today we have an opportunity to estimate geochemical mobility of chemical 
elements during water-rock interaction at a new level. The main aim of this work is to study chemical 
elements mobility in Khakassia saline lake systems. These lakes illustrate very well the water-rock 
interaction processes because they are salt-forming. 
2. Sampling and methods 
The sampling area is located in the South-Central Siberia, within the region of the Altai-Sayan 
Mountains. Detailed geological, climatic and geographic descriptions of region characteristics are given 
by Banks et al. [3]. This study is based on the results obtained from the saline lakes sampling. In 2009 - 
2010, 4 samples of water and salt sediments were taken from the 4 lakes: Khamiskol, Terpikol, Uskol, 
and Tus. The pH, temperature and Eh values were measured by water test in the field. Water samples 
were investigated by the following methods: tytrimetric (НСО3–, СО32–, Cl–, Ca2+, Mg2+), turbidimetric 
(SO42–), inductively coupled plasma mass spectrometry (trace elements). Evaporate crust samples issue 
from the lake shore were collected in clean plastic bags; For these latter, salt were analyzed by 
inductively coupled plasma atomic emission spectrometry. All these analysis were fulfilled at the 
Hydrogeochemical Laboratory of Tomsk Polytechnic University.  
3. Results and discussion 
Results of the chemical composition analysis and field measurements are presented in Table 1. The 
waters of the lakes are distinct by their TDS ranged from 7.9 to 115.6 g/l. The highest TDS 115.6 mg/l is 
observed at the Tus (Table 1). The TDS of the Khamiskol is the lowest among considerable lakes. 
Measured pH values lay mostly in the range 8.3 – 9.9.  
Table 1. Main hydrochemical characteristics of Khakasia saline lakes. 
Lake pH CO3
2– HCO3– SO42– Cl– Ca2+ Mg2+ Na+ K+ TDS 
mg/l g/l 
Khamiskol 9.6 533 1700 1160 1800 12 33 2690 7.5 7.9 
Terpekol 9.9 1500 2911 2107 1810 6 6 4420 12 12.7 
Uskol 9.8 1374 2125 9074 3456 6 21 8385 14 24.4 
Tus 8.3 240 1811 45100 33725 189 10892 23575 321 115.6 
 
The anionic composition of saline lakes is various. Chloride is the major anion in the Khamiskol 
water composition, whereas the bicarbonate (plus carbonate) and sulphate content exceeds 20 %, 
expressed as equivalents. The Terpekol water contains all anionic species (bicarbonate, carbonate, 
sulphate, chloride) in the equal ratio. The Uskol Lake is mainly sulphate-containing, but the chloride 
content is 27 % expressed as equivalents. Sulphates and chlorides are present in the same proportions in 
the Tus Lake, which correspond to 49 % expressed as equivalents respectively. Chloride and sulphate 
content tend to increase with TDS. Content of cationic species is not so variable than the anionic species 
in all lakes. Sodium is the dominating cation of these lakes, whereas the Tus Lake contains also 
magnesium and sodium in equal proportions. The trace element composition of Khakassia saline lakes is 
restituted in Table 2. A comparison between the saline lakes and the continental salinization province 
groundwater, considered as one of the sources of chemical element for these lakes, indicated that all 
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elements, except one, are expressed in lower concentrations in the lakes. All lakes are enriched in 
strontium compared with the continental salinization province groundwater. Another tendency is 
evidenced by comparing the chemical composition of lakes with seawater. Comparable TDS values are 
characteristic for both water types. The lakes are characterized by higher aluminum, zinc and barium 
concentrations. Lithium, silicon, strontium concentrations are higher in seawater. The trace elements 
concentration doesn’t increase with an increase in mineralization of the lakes.  
Table 2. Trace elements composition of the Khakasia saline lakes. 
Lake Li Al Si Zn Sr Ba TDS mg/l g/l 
Khamiskol 0.08 0.05 0.81 0.004 1.0 0.1 7.9 
Terpekol 0.04 0.26 3.74 0.009 0.3 0.08 12.7 
Uskol 0.17 0.09 0.71 0.01 0.7 0.05 24.4 
Tus 1.23 0.03 0.21 0.021 7.5 – 115.6 
Groundwater  of the continental 
salinization province [4] 0.039 0.37 21.9 0.085 0.56 0.034 1.4 
Seawater [5] 0.17 0.001 4.34 0.005 8.1 0.021 35.5 
 
The accumulation of chemical elements in the lakes can be explained mainly by water rock interaction 
processes. The processes of chemical elements accumulation in water are controlled by secondary 
mineral phase formation in significant quantities. This process decreases the element mobility. For 
example calcium mobility is limited by calcium-bearing minerals precipitation such as calcite, dolomite, 
gypsum and etc. The saline lakes of Khakasia are saturated with respect to carbonate minerals such as 
calcite, dolomite, magnesite, the values of saturation index are presented in table 3. It is shown that 
geochemical mobility of calcium and magnesium decrease due to their concentration in secondary 
mineral phases, chemical composition of which is shown in Table 4. Chemical composition of evaporate 
crust from all lake shores presents mainly of lithophile elements such as aluminum, sodium, calcium, 
potassium, magnesium (Table 4), with one exception this is Lake Tus. The main element of the evaporate 
crust from the Tus is sodium, because in contrast to all considered lakes his mineral composition consists 
of only from thenardite. The concentrations of the rest elements in the Tus are lower than those in others 
lakes. The saturation with natrite, anhydrite, thenardite, and halite is not observed for the saline lakes, so 
the sodium accumulation in the saline lake is not limited by any secondary minerals.  
Table 3. Saturation index values for the calcite, dolomite, magnesite, natrite, anhydrite, thenardite, halite minerals. 
Lake 
Saturation index 
CaCO3 CaMg(CO3)2 MgCO3 Na2CO3 CaSO4 Na2SO4 NaCl 
Khamiskol 1.7 4.5 1.5 -6 -2.1 -4.3 -4.1 
Terpekol 1.7 3.9 1.0 -5 -2.3 -3.9 -4.0 
Uskol 1.1 3.4 1.0 -5 -2.2 -2.9 -3.5 
Tus 0.4 3.6 2.0 -5 -1.2 -2.0 -2.1 
 
Mobility of major element contained in water may be evaluated knowing their respective mineral 
bearing. However, it becomes very difficult to proceed with the same approach for trace elements, 
because they are trapped in few amount in the secondary minerals and are rarely detected.  
The geochemical mobility coefficient can be used to evaluate the geochemical mobility of trace 
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а is the TDS (g/l), mx is the «х» element concentration in water (g/l), nx is the «х» element concentration 
in secondary mineral phases (%). 
Table 4. Evaporate crust chemical composition from the saline lake shores, mg/kg. 
Elements  Khamiskol Terpekol Uskol Tus 
Na 49294.1 73231.4 45295.4 257684.6 
Ca 25941.0 20831.4 36351.1 <5.0 
K 8321.6 4170.7 3519.8 95.8 
Mg 6369.3 6597.1 5205.8 387.0 
Al 22332.7 20086.1 9605.7 18.2 
Ba 191.4 359.6 241.8 11.2 
Sr 155.5 217.9 183.1 5.6 
Si 1478.1 427.1 3472.9 169.3 
Li 17.1 9.2 45.9 19.6 
Zn 194.3 36.5 18.9 8.6 
 
Geochemical mobility coefficients are presented in table 5. The elements having a large geochemical 
mobility coefficient values tend to be stay solubilized in water, for example sodium. Geochemical 
mobility coefficients of strontium and barium decrease with an increase in TDS. The low values of this 
coefficient indicate that the elements are immobilized in secondary phases, for example magnesium and 
calcium. This fact was noted early in this article during analysis of water-rock interaction processes. 
Giving that trace elements indicate low geochemical mobility coefficient values, they are considered 
accumulated in the secondary phases. It can be connected with processes of the secondary mineral 
precipitation and sorption. 
Table 5. Geochemical mobility coefficient values of the Khakassia saline lakes  
Lake TDS Na К Mg Са Sr Si Ва Zn Li 
Khamiskol 7.94 30.8 0.16 0.62 0.047 0.35 0.15 0.06 0.007 0.51 
Terpekol 12.77 16.3 0.06 0.058 0.043 0.18 0.25 0.023 0.023 0.201 
Uskol 24.46 14.4 0.11 0.06 0.007 0.062 0.04 0.0078 0.011 0.261 
Tus 114.61 24.8 1.06 6.05 0.043 0.046 0.016 0.0037 0.028 1.041 
Conclusion 
According to our investigation, water enrichment in chemical elements is regulated by formation of 
the secondary mineral phases. Values of the geochemical mobility coefficient can be considered as a 
quantitative measure of this process. The Khakassia saline lakes are saturated with respect to carbonate 
minerals such as calcite, dolomite, magnesite, and are undersaturated for natrite, anhydrite, thenardite 
and halite. As the data of geochemical mobility of the Khakassia saline lakes show that such elements as 
sodium and potassium are spread in water, the other elements are trapped in the secondary minerals. 
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